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Abstract
Transients of Mn internal 3d
5 luminescence in ZnS/Mn nanowires are strongly non-exponential. This non-
exponential decay arises from an excitation transfer from the Mn ions to so-called killer centers, i.e., non-radiative
defects in the nanostructures and is strongly related to the interplay of the characteristic length scales of the
sample such as the spatial extensions, the distance between killer centers, and the distance between Mn ions. The
transients of the Mn-related luminescence can be quantitatively described on the basis of a modified Förster
model accounting for reduced dimensionality. Here, we confirm this modified Förster model by varying the
number of killer centers systematically. Additional defects were introduced into the ZnS/Mn nanowire samples by
irradiation with neon ions and by varying the Mn implantation or the annealing temperature. The temporal
behavior of the internal Mn
2+ (3d
5) luminescence is recorded on a time scale covering almost four orders of
magnitude. A correlation between defect concentration and decay behavior of the internal Mn
2+ (3d
5)
luminescence is established and the energy transfer processes in the system of localized Mn ions and the killer
centers within ZnS/Mn nanostructures is confirmed. If the excitation transfer between Mn ions and killer centers as
well as migration effects between Mn ions are accounted for, and the correct effective dimensionality of the
system is used in the model, one is able to describe the decay curves of ZnS/Mn nanostructures in the entire time
window.
Introduction
In semiconductor systems, many processes, such as
energy transfer processes, will be modified in nanostruc-
tures with respect to bulk semiconductors because of
geometric restrictions. The excellent luminescence prop-
erties of bulk ZnS/Mn are well-known for more than
50 years and are employed in TFEL displays etc. [1]. The
photoluminescence (PL) spectrum of ZnS/Mn alloys is
dominated by the internal Mn 3d
5 luminescence band
around 2.15 eV in the yellow range of the visible spec-
trum. The excitonic emission in the band gap range of
ZnS can be entirely quenched on incorporating high
a m o u n t so fM n( >1 % )[ 2 ]T h i si sd u et ot h ee f f i c i e n t
energy transfer from the excitonic states into the Mn sys-
tem. The Mn internal transition takes place between the
4T1 first excited state of the Mn
2+ 3d
5 shell and its
6A1
ground state. The transient of the luminescence of the
Mn internal transition of an isolated Mn ion on a cation
site in a defect-free ZnS host matrix is a single exponen-
tial decay with a very long intrinsic life time of 1.8 ms [3],
which was observed in a very high-quality ZnS/Mn crys-
tal with a Mn concentration in the low doping range, i.e.,
smaller than 10
17 cm
-3 and even much lower defect den-
sities. When the ZnS/Mn crystal contains defects or
when the Mn concentration is higher, one observes a
non-exponential PL decay [4]. The reason is that an
energy transfer from the excited Mn ions to defect-
related non-radiative sites ("killer center”) takes place.
This means that in bulk material, the temporal PL beha-
vior is determined by the interplay of two characteristic
length scales, i.e., the mean Mn-Mn distance and the
mean distance between Mn ions and killer centers. Both
length scales are typically in the nanometer range. Thus,
artificial structuring on these length scales will impose
additional geometrical restrictions that will affect the
temporal behavior of the internal Mn
2+ (3d
5)P L .I na
nanowire, nanoribbon, or nanosphere sample of Mn-
doped ZnS nanostructures, the non-exponential decay
behavior is influenced by the nanostructure geometry
and can therefore be tuned by the sample morphology.
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provided the original work is properly cited.We have modified the original Förster model [5] to be
applicable for low dimensionality, i.e., 1D and 2D. By
considering excitation transfer between Mn ions and
killer centers as well as migration effects between Mn
ions and using the correct dimensionality, we were able
to describe the size and concentration dependence of the
decay curves of ZnS/Mn nanostructures, such as wires
and ribbons, from a few microseconds to several millise-
conds [6]. In this work, we confirm this modified Förster
model for different dimensionalities by varying the defect
concentration systematically in samples of the same mor-
phology and equal Mn concentrations.
Sample preparation
ZnS nanowire samples were synthesized by the vapor-
liquid-solid method [7]. In the center of a three-zone tube
furnace, ZnS powder (99.9% purity) was evaporated, and
the vapor was carried by an argon gas flow to silicon (100)
substrates coated with 5 nm Au at the lower temperature
end of the furnace. The Au film decomposes into liquid
Au dots at elevated temperatures which serve as a catalyst
for the nanowire growth. The synthesized ZnS wires had a
typical length of several micrometers and were about 100
to 300 nm in diameter (see Figure 1). After transferring a
thin layer of ZnS nanowires on top of clean Si substrates,
the ZnS nanowires were ion-beam implanted with
55Mn.
A homogeneous Mn distribution over a depth of 300 nm
was achieved by using multiple ion energies ranging from
20 to 380 keV and with two different total ion fluences
resulting in Mn concentrations of 2.8·10
-3 at.% and 0.28 at.
%, respectively. There are three different approaches used
in order to control the density of killer centers.
1. The number of implantation defects remaining
after the Mn implantation can be easily controlled by
the implantation temperature. Implantation of Mn
ions at higher temperatures enables a higher dynamic
annealing of defects during the implantation, as
the recombination rate of the ion impact-related
vacancy-interstitial pairs is thermally activated [8].
Thus, the number of killer centers remaining after
implantation will decrease with increasing implanta-
tion temperature (approach 1).
2. Post-annealing of the sample at various tempera-
tures also changes the number of defects in the lat-
tice. Annealing at 600°C in vacuum for 30 min after
the Mn implantation process removes most of the
remaining defects of the Mn implantation in the
ZnS/Mn nanowire system [9], while annealing at
lower temperature leaves a higher number of defects
in the sample (approach 2).
3. After the Mn implantation process and annealing
at 600°C, the ZnS/Mn wire samples were irradiated
again, but with neon ions, and without any further
annealing. The neon energies were adjusted to create
a damage profile matching the Mn implantation
depth. Neon as a noble gas atom does not form
bonds in the ZnS/Mn lattice, and the majority dif-
fuses out of the sample. Thus, only implantation
defects remain in the nanowires, which act as killer
centers, and their density can be precisely controlled
by the neon implantation fluence (approach 3).
Time-resolved photoluminescence measurements were
performed to monitor the decay of the PL band at
about 580 nm corresponding to the Mn internal transi-
tion from the
4T1 excited state to the
6A1 ground state.
For this purpose, the sample is excited with a light pulse
of the third harmonic of an Nd-YAG laser (355 nm)
with a pulse half-width of about 3.5 ns. The PL emission
at various times after the excitation was recorded with
an intensified charge-coupled device camera with a time
resolution of 2 ns. The measurements were taken with
the sample mounted inside a helium cryostat at 10 K.
Results and discussion
The Mn internal transition of ZnS/Mn typically shows up
a sas i n g l eb a n di nt h ey e l l o wr a n g eo ft h ev i s i b l es p e c -
trum. The intensity of the Mn yellow PL spectra mea-
sured at different times after the pulsed excitation were
recorded, and their intensities are plotted in the decay
curve against the time after arrival of the laser pulse on
t h es a m p l e .W ea r ea b l et of o l l o wt h ed e c a yo ft h eM n
luminescence over more than four orders of magnitude
in intensity in a decay time window ranging from 1 μst o
10 ms. Figure 2 shows a series of normalized PL spectra
of the yellow Mn internal transition taken at different
Figure 1 SEM image of the Mn-implanted ZnS wires. ZnS wires
with diameters of 100-300 nm and lengths of several 10 μm.
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given in the figure correspond to the center of an integra-
tion time window during the decay process, which was
gradually extended with the decaying time. The integra-
tion time window was set to 1 μs for the early decay
times below 20 μs. It has been extended to 10 μsf o ra l l
measurements between 20 and 200 μs decay times to 100
μs for all measurements between 200 μsa n d2m sd e c a y
times and finally extended to 1,000 μs for all curves taken
at later decay times. The broad luminescence band cen-
tered at 580 nm is characteristic for the internal lumines-
cence of Mn
2+ incorporated on Zn sites. The symbols in
Figure 3 show the decay of the Mn PL intensity of a ZnS/
Mn wire sample which was implanted at 600°C. The Mn
concentration of this sample is 2.8·10
-3 at.%, which corre-
sponds to a large mean distance between Mn ions of
about 11.4 nm, consequently, with a low resonant energy
transfer effect between the Mn atoms. The transient is
characterized by a rapid decrease shortly after the laser
pulse followed by a slow, but rather, exponential tail at
later times.
In the case of bulk ZnS/Mn samples with low Mn con-
tent, the transients of the internal Mn PL can be well
described by the so-called Förster model [5] and its exten-
sion [10] based on dipole-dipole interaction between Mn
ions and defect-related killer centers. At higher Mn con-
centration in bulk ZnS/Mn, the effect of the excitation
transfer between Mn
2+ ions and killer centers on the tran-
sients of the internal Mn PL can be described by a modi-
fied Förster model for the 3D case [2].
For the 1D or 2D nanowires or nanoribbons [11], we
developed a generalized formula for the Förster model. It
was assumed that the dipole-dipole interaction is propor-
tional to R
-6 where R is the distance between the Mn ion
and the killer center. R0 is a critical length describing the
strength of interaction and is defined as the distance
between the Mn ion and the killer center where the
dipole-dipole transfer rate from the excited Mn ion to
the killer center equals the radiative decay rate of an iso-
lated Mn ion. A value of R0 = 4.85 nm was determined
by studying the Mn internal PL decay of ZnS/Mn spheri-
cal particles with diameters below 10 nm [6]. We obtain
for the transient <I(t)/I0> of the Mn internal transition:

I(t)
I0

= exp

−
t
τMn

· exp

−α · nD · RD
0

t
τmigr
D/6
(1)
where D is the dimensionality of the system, τMn is the
decay time of an isolated Mn
2+ ion in ZnS, n = N/Rg is
the line density of killer centers. Rg is the sample exten-
sion in one, two, or three dimensions, and a is a con-
stant taking the values 1.129, 1.354, and √π for D =1 ,2 ,
or 3, respectively. The parameter τmigr describes the
effectiveness of the migration of the excitation within
the Mn subsystem. For small Mn concentrations τmigr =
τMn. The higher the Mn concentration x,t h ef a s t e ri s
the energy migration and the smaller is τmigr.
The transients of the wire-like samples in Figure 3 can
be fitted perfectly by using our modified Förster model
(Equation 1) with D = 1. The other parameters (see above)
are set to R0 = 4.85 nm, τMn = 2.5 ms, n = 0.37 nm
-1, and
τmigr = 1.4 ms. Since τmigr is smaller than τMn, it confirms
that energy migration takes place in the Mn subsystem,
Figure 2 Typical normalized PL spectra of a ZnS/Mn wire
sample. Recorded at different decay times after the laser excitation
pulse; no energetic shift of the internal Mn luminescence is observed.
Figure 3 The experimental data and the corresponding fitted
curve from Mn PL transients. ZnS/Mn wire samples with a Mn
concentration of 2.8·10
-3 at.%.
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The value D = 1 shows that the energy transfer of the
nanowires, which have a mean diameter of about 100 nm
and a length of more than 10 μm behave like a 1D system
due to the interplay of the lateral extension and mean dis-
tance between Mn centers. It confirms that the restricted
dimensionality of the nanowire has a strong impact on the
Mn PL decay behavior. The parameter n = 0.37 nm
-1 cor-
responds in 1D to a line density which, when accounting
for the diameter of the nanowire of 100 nm, corresponds
to a volume density nkiller = 4.7·10
16 cm
-3. This killer den-
sity in turn corresponds to a mean distance between killer
centers of about 30 nm. As aforementioned, the mean
Mn-Mn distance is 11.4 nm, thus, all the characteristic
lengths, e.g., wire diameter and mean distances, are of the
same order of magnitude. The system can be considered
as quasi one-dimensional with a preferential energy trans-
fer along the wire axis.
In Figure 4, the transients of two ZnS/Mn samples
implanted at temperatures of 400°C and 600°C during
the Mn implantation process (approach 1) with concen-
trations of 2.8·10
-3 at.% are shown. It can be seen that
the Mn PL decay from the samples implanted at 400°C
is faster than the decay of that at 600°C. This is in
agreement with the expectation that with decreasing
implantation temperature, the number of defects - thus
killer centers - will increase. The curves can be fitted
perfectly using the modified Förster model. By fitting
with D =1 ,n =0 . 3 7n m
-1 or 0.61 nm
-1, and keeping all
other parameters the same, one obtains volume killer
densities of 7.8·10
16 cm
-3 and 4.7·10
16 cm
-3 for the sam-
ples implanted at 400°C and 600°C.
As we showed in an earlier paper [11] in detail, the
effective dimensionality increases in case of higher Mn
concentration although the wire diameter remains the
same. We, therefore, checked the dependence of the
modified Förster model on the killer density for wires
with a substantially higher Mn concentration.
Figure 5 depicts the transients of various ZnS/Mn
samples with a Mn concentration of 0.28 at.% but differ-
ent killer center densities. The variation of the killer
center densities is achieved by two different approaches.
The curves (a) and (b) show Mn PL decay curves of
ZnS/Mn nanowires annealed at 300°C and 600°C,
respectively (approach 2). The curves (c) and (d) show
the nanowires which were annealed at 600°C followed
additional neon irradiation (approach 3) with a total ion
fluence of 4.38·10
12 cm
-2 (curve c) and ion fluence of
4.38·10
13 cm
-2 (curve d).
Compared to annealing at 300°C, annealing at 600°C
strongly reduces the number of defects in the ZnS/Mn
nanowires. More defects in the sample means that it is
easier for a Mn ion to find a killer center to transfer its
excitation energy and the Mn PL intensity decays, there-
fore, faster. This trend is cl e a r l ys h o w ni nF i g u r e5 .O n
the other hand, the neon implantation process after
annealing at 600°C introduces additional lattice defects
in the nanowires. The higher the neon fluence, the
higher is the killer center density in the sample and the
faster the Mn PL intensity decays, which is clearly
shown in Figure 5.
The best fitting of all the four decay curves with the
modified Förster model was obtained by using the effec-
tive dimensionality D = 2. The increasing of the effective
dimensionality in the samples with higher Mn contents
Figure 4 The experimental data and the fitted curves from Mn
PL transients. Two ZnS/Mn wire samples with a Mn concentration
2.8·10
-3 at.% which were implanted at temperatures of 400°C and
600°C, respectively.
Figure 5 The experimental data and the fitted curves from Mn
PL transients. ZnS/Mn wire samples with a Mn concentration 0.28
at.% which were implanted at temperatures of (a) 300°C and (b)
600°C as well as samples with additional neon irradiation by a total
ion fluence of (c) 4.38·10
12 cm
-2 and of (d) 4.38·10
13 cm
-2.
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ions is now only about 2.5 nm. In a wire of a given
diameter of 100 nm, the energy transfer is not only pos-
sibly parallel, but also perpendicular to the wire axis. It
is, therefore, anticipated that the migration of the excita-
tion energy inside the Mn subsystem is not a pure one-
dimensional process anymore. It is worth mentioning
that the value D = 2 should not be interpreted as that
the energy transfer is only on a plane. It just corre-
sponds to an effective dimension between 1D and 3D in
the energy transfer process in the system.
The change of the killer center density is convincingly
reflected by the transients of the Mn PL in Figure 5 and
the fit parameters. The respective value of line densities
of killer centers used by the fitting are n = 0.175 nm
-1 for
the sample with the lowest number of defects (curve b),
n = 0.217 nm
-1 (curve c), and n = 0.256 nm
-1 (curve d)
for the neon implanted samples; n = 0.299 nm
-1 (curve a)
for the sample annealed at 300°C, and this sample exhi-
bits the highest line density as anticipated. Accounting
for the geometry of the wire, the corresponding volume
killer center densities are obtained as the following:
6.1·10
17 cm
-3 for the sample annealed at 600°C (b),
9.4·10
17 cm
-3 for the sample implanted with lower neon
fluences (c), 1.3·10
18 cm
-3 for the sample implanted with
higher neon fluences (d) and 1.8·10
18 cm
-3 for the sample
annealed at 300°C (a), respectively.
Conclusions
We have demonstrated that the PL transient of the Mn
internal transition from the
4T1 excited state to the
6A1
ground state becomes faster when additional defects act-
ing as killer centers are introduced in the ZnS/Mn
nanowire samples. The number of killer centers can be
increased either by decreasing the sample temperature
in the Mn implantation process, by decreasing the post-
annealing temperature, or by an additional implantation
process using Neon ions. The variation of the PL transi-
ents with killer center density can be quantitatively
described using the modified Förster model for low
dimensionality introduced previously. An almost perfect
fit for various killer center densities was possible for
wires with rather low Mn content (D =1 )a n dh i g h e r
Mn concentrations (D = 2). Furthermore, we were able
to confirm that the effective dimensionality is deter-
mined by the interplay of the average distance between
the Mn ions, the killer center densities, and the spatial
extensions of the nanowires.
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